Histone variants influence important biological processes like cellular differentiation and development[@b1][@b2][@b3]. Recently, Stroud and colleagues as well as Wollmann and colleagues have mapped the genome-wide distribution of two histone H3 variants in *Arabidopsis thaliana*: H3.1 and H3.3[@b4][@b5]. They found that H3.1 was enriched in repetitive pericentromeric and silent chromatin whereas H3.3 was enriched in transcriptionally active regions of the genome. These results are consistent with genome-wide analyses of H3.3 enrichment in *Drosophila* and mammalian cells[@b6][@b7][@b8]. Whereas H3.1 is incorporated during DNA replication, H3.3 can be incorporated outside of S phase, during processes like transcription. Interestingly, Stroud and colleagues also found that both histone variants were enriched in replication origins reflecting an overall high nucleosomal density, which represents an unique characteristic of plant replication origins and indicates differences in chromatin structure organization between plants origins and the origins of other eukaryotes. In addition, Wollmann and colleagues found that the transcriptional variations associated with leaf differentiation were accompanied by changes of H3.3 levels, but not of H3.1. Here, we analyze the ChIP-seq data released by Stroud, Wollmann and colleagues to study the distribution of H3.1 and H3.3 at telomeres and centromeres.

Results
=======

The studies reported by Stroud, Wollmann and colleagues did not address the analysis of some repetitive sequences present at different genomic loci because it is actually challenging[@b9]. This was the case for centromeric sequences and for telomeric sequences, which in Arabidopsis are very abundant at interstitial telomeric loci and are denoted as ITSs[@b10][@b11][@b12][@b13][@b14]. These ITSs challenge the analysis of Arabidopsis telomeric chromatin structure by ChIP, ChIP-on-chip or ChIP-seq[@b9].

We have recently described an experimental approach that allows the study of the epigenetic status of telomeres versus centromeres by analyzing ChIP--seq data[@b15]. This approach was designed to analyze telomeres independently of ITSs. Since ITSs in Arabidopsis are mostly composed of very short stretches of perfect telomeric repeats interspersed with degenerated repeats[@b10][@b13][@b14][@b16], a short stretch of perfect telomeric repeats might essentially represent telomeres. Blast analyses of the Arabidopsis genome revealed that 98% of the (CCCTAAA)~4~ sequences are found at telomeres whereas only 2% of these sequences localize at ITSs[@b15]. Therefore, the DNA sequence (CCCTAAA)~4~ reveals Arabidopsis telomeres but not ITSs in ChIp-seq experiments[@b15]. For heterochromatic comparison, we selected the sequences CEN1 and CEN2, which are conserved regions of the 178 bp satellite repeats present at centromeres[@b15]. These sequences allowed us to analyze the chromatin organization of the Arabidopsis 178 bp satellite repeats, as an average, which are known to be heterochromatic[@b17][@b18][@b19][@b20][@b21].

To analyze the data reported by Stroud and colleagues we determined the number of reads containing the sequence (CCCTAAA)~6~ for telomeres instead of (CCCTAAA)~4~, because the length of their reads allowed it. About 99% of the (CCCTAAA)~6~ sequences are found at telomeres. For centromeres, we determined the number of reads containing CEN1 and CEN2 ([Supplementary Table 1](#s1){ref-type="supplementary-material"}). Then, we calculated the relative enrichment of H3.1 and H3.3 at telomeres and at centromeres. We found that telomeres were enriched in H3.3 and had low levels of H3.1. Conversely, centromeres had low levels of H3.3 and slightly higher than average genomic levels of H3.1 ([Fig. 1a](#f1){ref-type="fig"}). Actually, whereas telomeres were enriched in H3.3 versus centromeres, centromeres were enriched in H3.1 versus telomeres ([Fig. 1b](#f1){ref-type="fig"}). Thus, Arabidopsis telomeres are labeled with H3.3 and the 178 bp repeats are labeled with H3.1.

To analyze the data reported by Wollmann and colleagues we determined the number of reads containing the sequence (CCCTAAA)~5~ for telomeres and CEN1 and CEN2 for centromeres ([Supplementary Table 2](#s1){ref-type="supplementary-material"}). We performed these analyses in dividing tissues (meristems, leaf primordia and young leaves) or in non-dividing tissues (mature, differentiated leaves) and found similar results in both kinds of tissues ([Fig. 2](#f2){ref-type="fig"}). Whereas telomeres were enriched in H3.3 and had lower than average H3.1 levels, centromeres had low levels of H3.3 and average levels of H3.1 ([Fig. 2a](#f2){ref-type="fig"}). In this study, telomeres were also enriched in H3.3 versus centromeres and centromeres were enriched in H3.1 versus telomeres ([Fig. 2b](#f2){ref-type="fig"}). Therefore, these results confirm that Arabidopsis telomeres are labeled with H3.3 and that the 178 bp repeats associate with H3.1, independently of the proliferative capacity of the tissues and their state of differentiation.

As a control, we determined the levels of H3.1 and H3.3 enrichment at a pericentromeric region of Arabidopsis chromosome 1, which contains a high number of ITSs. We counted the number of reads for the sequence TCTAAACCCTAAACCGTACACC in dividing cells and in non-dividing cells ([Supplementary Table 2](#s1){ref-type="supplementary-material"}). This sequence is found only 34 times in the Arabidopsis genome, within the pericentromeric region mentioned above (between coordinates 15106975 and 15431297; see for example the DNA surrounding the repeat located 4876 bp upstream of AT1G40131). We found that the enrichment levels of H3.3 and H3.1 at the selected sequence were similar to those found for centromeres in dividing and in non-dividing cells ([Fig. 2a](#f2){ref-type="fig"}). Therefore, telomeres are enriched in H3.3 versus ITSs, as an average, and ITSs are enriched in H3.1 versus telomeres ([Fig. 2b](#f2){ref-type="fig"}). These results agree with the heterochromatic nature of Arabidopsis ITSs[@b22] and confirm the accuracy of our ChIP-seq analysis approach.

Discussion
==========

Our study extends the conclusions reported by Stroud, Wollmann and colleagues[@b4][@b5]. It is known that part of the 178 bp repeats associate with another variant of H3, CENH3, and leads to the formation of the centromere[@b1][@b2][@b3]. These repeats are surrounded by additional 178 bp repeats that are pericentromeric and associate with H3 chromatin[@b1][@b2][@b3][@b20][@b23]. The data shown in [Figures 1](#f1){ref-type="fig"} and [2](#f2){ref-type="fig"} indicate the association of H3.1 with pericentromeric 178 bp repeats.

Our analysis supports previous studies reporting that mammalian telomeres associate with H3.3[@b6][@b24][@b25][@b26], which were performed without differentiating between telomeres and ITSs. In addition, the presence of H3.3 at telomeres agrees with the fact that Arabidopsis telomeres have low levels of heterochromatic marks (like H3K9me2 or H3K27me) and exhibit euchromatic features[@b15][@b22]. H3.3 do not associate with H3K27me3, a euchromatic repressive mark, in the Arabidopsis genome[@b4]. However, H3.3 and H3K27me3 are both found at telomeres[@b15], which might reflect the particular chromatin organization of Arabidopsis telomeres or the dynamic nature of their epigenetic marks.

It is known that Arabidopsis telomeres are transcribed leading to the so-called TERRA transcripts[@b27]. These transcripts are found in a wide variety of organisms and have been related to the stability of telomeres[@b28]. The presence of H3.3 at Arabidopsis telomeres in non-dividing leaf tissues agrees with the existence of TERRA transcripts being required for telomere stability. However, since old Arabidopsis leaves undergo endoreduplication[@b29][@b30], the presence of H3.3 at differentiated leaf telomeres could also be related to TERRA transcripts being required for telomeres endoreduplication.

Methods
=======

The enrichment levels of H3.1 and H3.3 at telomeres, centromeres and ITSs were calculated using different ChIP-seq runs from studies SRP010096 (Gene Expression Omnibus accession number GSE3840)[@b4] and/or SRP011591 (GSE36631)[@b5], availables at NCBI. First, in all cases, the number of reads was normalized against the number of spots for each run. In the case of SRP010096, telomeric and centromeric enrichments were calculated by dividing the reads corresponding to the immunoprecipitated samples between the reads corresponding to the input samples. For telomeres, we plotted the data obtained after counting the number of (CCCTAAA)~6~ reads. Similar results were obtained when the number of (CCCTAAA)~4~ reads were determined (data not shown). For centromeres, we plotted the mean data obtained for CEN1 (TTGGCTTTGTATCTTCTAACAAG) and for CEN2 (CATATTTGACTCCAAAACACTAA), which were very similar. In the case of SRP011591, telomeric, centromeric and ITSs enrichments were calculated by dividing the reads corresponding to the immunoprecipitated samples between the reads corresponding to the immunoglobulin G control, using the reads from repeat 2 runs. For telomeres, we plotted the data obtained after counting the number of (CCCTAAA)~5~ reads, although similar results were obtained when the number of (CCCTAAA)~4~ reads were determined (data not shown). For centromeres, we plotted the mean data obtained for CEN1 and for CEN2, which were also very similar. For ITSs, we determined the number of reads corresponding to the sequence TCTAAACCCTAAACCGTACACC. In all cases, the relative enrichment at telomeres versus centromeres or versus ITSs was obtained by dividing the telomeric enrichment values by the centromeric or the ITSs enrichment values.
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![Relative enrichment of histones H3.1 and H3.3 at telomeres and centromeres in 10 days old seedlings.\
Histone H3 variants levels were analyzed using study SRP010096 (GSE3840), as indicated in the Methods section. (a) Enrichment of histones H3.1 and H3.3 at telomeres and at centromeres versus the input samples. Tel indicates telomeres whereas Cen indicates centromeres. (b) Relative enrichment of histones H3.1 and H3.3 at telomeres versus centromeres.](srep01202-f1){#f1}

![Relative enrichment of histones H3.1 and H3.3 at telomeres, centromeres and ITSs in dividing and in non-dividing cells.\
Histone H3 variants levels were analyzed using study SRP011591 (GSE36631), as indicated in the Methods section. (a) Enrichment of histones H3.1 and H3.3 at telomeres, centromeres and ITSs versus the control immunoglobulin G samples. Tel indicates telomeres whereas Cen indicates centromeres. (b) Relative enrichment of histones H3.1 and H3.3 at telomeres versus centromeres or ITSs. D indicates dividing cells whereas N-d indicates non-dividing cells.](srep01202-f2){#f2}
